ABSTRACT The objective of this study was to determine the effect of castration, within 24 h after birth, on skeletal muscle growth and protein metabolism in neonatal pigs at 1, 2, and 4 wk of age. Four additional pigs were slaughtered at birth to obtain initial body composition. All other pigs were infused with [14C]tyrosine for 6 h before slaughter to determine in vivo fractional protein synthesis rates (FSR). At slaughter, muscle bundles were removed from the semitendinosus and incubated with [3Hltyrosine to determine in vitro protein synthesis rates. Nucleic acids and protein were determined on the semitendinosus muscle. Testosterone concentrations, determined at weekly intervals, peaked in boars at 3 wk of age. Castration at birth did not affect combined Key Words: Testosterone, Skeletal Muscle, weights of the semitendinosus, longissimus, triceps brachii, and brachialis muscles. Likewise, neither in vitro protein synthesis rates nor in vivo FSR were affected by castration. However, a developmental decline in in vivo FSR and in vitro protein synthesis rates occurred from 1 to 4 wk. Neither concentrations nor total quantity of protein, RNA, or DNA in the semitendinosus muscle differed between neonatal boars and barrows at any age. Concentrations of DNA and RNA at 4 wk were two-and threefold lower, respectively, than at birth. Protein:DNA and protein: RNA ratios increased three-and sixfold, respectively, from birth to 4 wk. Testosterone concentrations had little effect on skeletal muscle growth and protein turnover rates during this neonatal period.
Introduction
Boars are more efficient in conversion of feed to gain and produce carcasses at market weight with 20 to 30% less fat than barrows (Field, 1971; Mulvaney, 1984; Knudson et al., 1985a Knudson et al., , 1985b . Gonadally intact males also have 8 to 15% greater muscle mass than castrated males (Prescott and Lamming, 1967; Mulvaney, 1984 ; Knudson et al., 1985a) . Five weeks aRer castration at 15 and 40 kg, body weight and skeletal muscle protein accretion of barrows did not differ from that of boars. In contrast, postpubertal boars had greater muscle protein accretion rates than barrows that were castrated at 75 kg body weight (Mulvaney, 1984) . Protein synthesis rates of boars were greater than those of barrows that had been castrated at lThis study was partially supported by the Michigan Agric. Exp. 'Current address: Dept. of h i m . and Dairy Sci., Auburn 3T0 whom correspondence should be addressed Dept. of Anim. J. Anim. Sci. 1994 . 72:315-321 either 40 or 75 kg body weight (Mulvaney, 1984) . Castration reduced proliferative activity of satellite cells in skeletal muscle of neonatal pigs . Circulating testosterone concentrations are elevated in boars during the first few weeks after birth and are similar to average concentrations present following the onset of puberty (Colenbrander et al., 1978; Ford, 1983) . The objective of this study was to determine the effect of perinatal testosterone concentrations in neonatal boars on skeletal muscle growth and protein metabolism compared with that of barrows castrated at birth.
Materials and Methods

Animals, Treatments, and Experimental Protocol.
Twenty-eight crossbred boars (Yorkshire x Hampshire x Duroc) from a total of eight different litters were randomly allocated at birth to seven groups of four pigs each. Four pigs were slaughtered at birth to determine initial body composition. The boars in three of the remaining six groups were castrated within 24 h of birth. Four boars and four barrows were then slaughtered at 1, 2, and 4 wk of age. All pigs remained with and nursed their dams at the MSU Swine Research Unit until they were infused and slaughtered. No supplemental feed was provided. The pigs were weighed and blood samples were collected at weekly intervals for determination of serum concentrations of testosterone. Fractional protein synthesis rates ( FSR) were measured in skeletal muscle at 1, 2, and 4 wk by continuous infusion of radiolabeled tyrosine (Bergen et al., 1987) . The pigs were removed from their dams during the 6-h infusion period and then immediately euthanatized ( 5 mL, 50% wt/vol phenobarbitol) and exsanguinated. The left semitendinosus, longissimus, brachialis, and triceps brachii muscles were removed, dissected free from fat, and weighed. A subsample of the left semitendinosus muscle was frozen immediately in liquid nitrogen and stored at -80°C for determination of in vivo FSR (Mulvaney et al., 1985; Bergen et al., 1987) .
At slaughter, muscle strips were teased free and removed from the right semitendinosus muscle for determination of in vitro protein synthesis rates according to the procedure described by Bergen et al. (1987) and Skjaerlund et al. (1988) . The soft tissues of the left side were dissected free from skin and bone and then ground along with the muscles listed above for determination of total soft tissue protein. Protein was determined by micro-Kjeldahl method (AOAC, 1980) and nucleic acids (DNA and RNA) from the semitendinosus muscle were assayed according to a modified procedure (Munro and Fleck, 1969) as described by Bates et al. (1985) .
Testosterone Determination. Blood samples were collected weekly from each pig until it was slaughtered. The blood was allowed to clot overnight at 4°C and serum was harvested by centrifugation at 2,500 x g for 30 min. Serum testosterone was quantified by radioimmunoassay using MSU antitestosterone #74 raised against testosterone-3-oxime-human serum albumin. The assay was validated by Kiser et al. (1978) and previously used for testosterone detection in boars (Kattesh et al., 1979) .
Determination of In Vivo Fractional Protein Synthesis Rate. The FSR were determined according t o procedures described by Mulvaney et al. (1985) and Bergen et al. (1987) . Twenty-four hours before infusion, pigs were anesthetized with halothane and catheters were surgically inserted into the right and left jugular veins. Catheters were kept patent with heparinized sterile saline, and the pigs remained with their dams until infusion. The pigs were infused with L-[U14Cltyrosine (Amersham, Arlington Heights, IL) dissolved in sterile .9% NaCl at a rate of .011 pCilg of body weight for 6 h. Blood samples were obtained from the contralateral vein to determine plasma specific activity of tyrosine (Bergen et al., 1987) . Following infusion, the pigs were euthanatized.
The semitendinosus muscle samples were powdered with Dry Ice a t -70°C and a .5-g subsample was treated with 3 mL of cold (4°C ) 2 N perchloric acid for determination of the free-pool tyrosine specific activity. Following centrifugation (4,000 x g, 15 min, 4"C), 1 mL of saturated potassium citrate was added to the supernatant and centrifuged at 4,000 x g for 10 min. The supernatant was dried with a heating block under a nitrogen airstream and then resuspended in 3 mL of .5 M sodium citrate, pH 5.5, for subsequent decarboxylation of tyrosine to yield tyramine.
The pellet was dried with the following separate and sequential steps: 5 mL of 1% potassium acetate in ethanol, 5 mL of ethanol-chloroform (3:1), 5 mL of ethanol-ether ( 3 : 1 1, 5 mL of ether, and 5 mL of hot 2 N perchloric acid. For determination of bound tyrosine specific activity, the pellet was hydrolyzed with 20 mL of 6 N HC1 and autoclaved for 20 h at 121°C. The hydrolysates were evaporated to dryness and resuspended in .5 M sodium citrate, pH 5.5. Enzymatic conversion of L-tyrosine to tyramine was accomplished with L-tyrosine decarboxylase (E.C.4.1.1.25) and following selective extraction tyramine was quantified fluorometrically (Ambrose, 1974) . Specific activities of the free and bound tyrosine pools were determined from liquid scintillation counts (Bergen et al., 1987) .
The FSR was calculated using the equation described by Garlick et al. (1974) and previously applied by Mulvaney et al. (1985) and Bergen et al. (1987) . Daily protein accretion rate was calculated as the difference in total semitendinosus muscle protein between adjacent infusion groups (i.e., wk 1 -birth; wk 2 -wk 1; wk 4 -wk 2) divided by the number of days. Thus, semitendinosus protein pool size was the average over 7 d for the first two slaughter groups and 14 d for the last slaughter group. Fractional accretion rate (FAR) was then calculated as daily accretion rate divided by pool size. Fractional breakdown rate ( FBR) was calculated as the difference between FAR and FSR (Millward et al., 1975) .
Determination of In Vitro Protein Synthesis Rate. A modification (Bergen et al., 1987; Skjaerlund et al., 1988) of the method described by Fulks et al. (1975) was followed to determine in vitro protein synthesis rates. Immediately after exsanguination, bundles of muscle fibers ( 5 mm wide, approximately 10 to 12 mm long and 1.0 to 1.5 mm thick) from the right semitendinosus muscle were bluntly dissected free. Four muscle strips per pig (approximately 80 mg each) were clamped off at rest length in situ and then excised. The strips were preincubated for 30 min at 37°C in a shaking water bath in 4 mL of oxygenated (95 0 2 5 C02) Krebs-Ringer bicarbonate buffer, pH 7.4 (Umbreit et al., 1964) , containing insulin (.l U/ mL), glucose (10 mM), and 5 x porcine plasma concentration of amino acids (Bergen et al., 1987) . The strips were removed, blotted and placed in a second vial with 4 mL of fresh, oxygenated buffer and 2.5 pCi/mL of L-2,3,4,6-[3Hltyrosine (Amersham). After incubation for 2.5 h at 37"C, the strips were removed, homogenized (Brinkman Polytron) in 2 mL of cold .01 mM potassium phosphate buffer, pH 7.4, and protein was precipitated with .5 mL of 50% trichloroacetic acid. After centrifugation at 23,500 x g for 20 min, the pellet was washed with .01 mM potassium phosphate buffer, dissolved in .5 mL of NCS@ tissue solubilizer (Amersham), and assayed for 3H by liquid scintillation in aqueous scintillant (Skjaerlund et al., 1988 ). An aliquot of the supernatant was also counted for 3 H and the tyrosine content determined fluorometrically (Ambrose, 1974) for calculation of specific activity of the free intracellular pool. Protein synthesis rates were calculated from [3Hltyrosine incorporation (dpm/mg) divided by specific activity of the intracellular tyrosine pool (dpm/pmol) and expressed as picomoles of tyrosine incorporated per milligram per hour.
Statistical Analysis. Data were analyzed by least squares analysis of variance using the General Linear Models procedures of SAS (1987) . The data were analyzed using a one-way analysis of variance with treatment (boars vs barrows) and age (birth, 1, 2, and 4 wk) as data classes. Fractional accretion rates cannot be statistically compared because different pigs were slaughtered at the two ages and F A R were estimated from the average semitendinosus muscle protein content. Likewise, FBR cannot be statistically analyzed because FBR is calculated by the difference between FAR and FSR.
Results and Discussion
Serum testosterone concentrations determined at weekly intervals are presented in Figure 1 . Castration reduced testosterone below the detection level of the assay (.28 ng/mL) by 1 wk. Average circulating testosterone concentration in boars increased approximately threefold from birth to the peak value (2.6 ng/ mL) at 3 wk. Colenbrander et al. (1978) and Ford ( 1983) also reported that testosterone concentrations of neonatal boars peaked between 2 and 3 wk postnatally and then declined to relatively low concentrations (.47 ng/mL) until the onset of puberty. These results are consistent with changes in the steroidhistochemical activity (Van Straaten and Wensing, 1978) and morphological differentiation of the testis (Van Straaten and Wensing, 1977) . Colenbrander et al. ( 19 7 7 ) reported a similar, but earlier-occurring, secretory pattern for serum LH concentrations. The decline of serum testosterone concentrations after 3 wk of age may be due to maturation of the hypothalamo-hypophysial-gonadal feedback system, as suggested by Colenbrander et al. (1978) .
Androgens exert their effects in skeletal muscle through interaction with androgen receptors (Dube et al., 1976; Dahlberg et al., 1980; Michel and Baulieu, 1980) . Heyns and Pape (1991) reported that fetal skeletal muscle has high affinity for binding androgens, and the binding and affinity are similar to those (Doumit et al., 1993) . Exposure of these cells to testosterone increases the immunoreactive receptor protein (Doumit and Merkel, unpublished observations) .
Castration did not significantly affect live body weight or total soft tissue protein content at 1, 2, or 4 wk of age (Table 11 , although boars tended to have greater body weights at each age ( P > .05). Variation in body weight increased with age from birth to 4 wk, apparently due to differences in nursing ability of the dams. In a similar study, boars and castrates implanted with testosterone propionate weighed 18 and 32% more at 1 and 3 wk of age than untreated castrates, but no differences in weight were observed at 2 wk . Neonatal administration of testosterone propionate to barrows increased weaning weights compared with those of untreated barrows (Dvorak, 1981; Mulvaney and Marple, 1987) .
Although nonsignificant ( P > .05), combined weights of the semitendinosus, longissimus, triceps brachii, and brachialis muscles of boars were numerically greater, especially at 1 (2 7 %) and 2 wk ( 1 9 5% ) of age, than those of barrows (Table 1) . Boars tended to have greater ( P > .05) protein contents of the left hemicarcass soft tissues at 1 (15%) and 2 wk (16%) than did barrows. At 4 wk the protein contents were nearly identical. Similar observations were noted by Mulvaney ( 1984) for barrows and prepubertal boars (40 and 60 kg body weight). However, postpubertal boars had greater protein contents of soft tissues and greater total carcass muscle than did barrows when compared a t 105 kg body weight (Mulvaney, 1984) . It seems that muscle responsiveness is amplified postpubertally .
Castration at birth did not alter ( P > .05) semitendinosus muscle weight at 1, 2, or 4 wk of age, although muscle weights were numerically greater (21%) in boars than in barrows at 4 wk ( Table 2 ).
These observations are nearly identical to those noted by Mulvaney ( 1984) for differences in semitendinosus muscle weight ( 19 % ) between barrows and prepubertal boars compared at 40 and 60 kg body weight. Additionally, Mulvaney et al. (1988) observed no differences in individual muscle weights until 3 wk of age, when the triceps brachii muscle weight of boars was 18% greater than that of castrates.
Protein percentage as well as total protein content of the semitendinosus muscle did not differ between boars and castrates at 1, 2, or 4 wk of age ( Table 2) . Protein percentage, however, increased 62% from birth to 1 wk and increased approximately another 10% from 1 to 2 wk. No change occurred between 2 and 4 wk of age.
Neither concentration nor total content of RNA and DNA in the semitendinosus muscles of boars and barrows differed at 1, 2, or 4 wk of age (Table 2) . Likewise, none of the nucleic acid ratios differed between boars and barrows at any of the slaughter Table 2 . Weight, protein, and nucleic periods ( Table 2 ) . Concentrations of RNA and DNA in semitendinosus muscles of boars castrated at 15 and 75 kg were similar t o those of boars determined 5 wk later (Mulvaney, 1984) . When castrated at birth, barrows at 100 kg body weight had only 81% of the semitendinosus muscle DNA content of littermate boars at this weight (Knudson et al., 1985a) . At 3 wk of age, neonatal boars had greater satellite cell proliferative activity than barrows in the triceps brachii muscle, suggesting that boars had more DNA .
M testosterone reduced cell cycle time by almost 9 h, and the G 1 phase of the cycle was reduced by 20% (Powers and Florini, 1975) . They also reported that testosterone induced an increase in DNA labeling index of myogenic cells. In contrast, Gospodarowicz et al. ( 1976) found that testosterone had no direct effect on enhancing bovine myoblast proliferation. Thompson et al. (1989) also observed no direct effect of the synthetic androgen trenbolone acetate on proliferation of rat satellite cells in culture. However, they found that satellite cells isolated from rats treated with trenbolone acetate had greater proliferative activity in culture than satellite cells from control rats. Thus, it seems that androgens may not have a direct effect on satellite cell proliferation and DNA accretion. There were no statistical differences in in vivo FAR, FSR, or FBR between the neonatal boars and barrows at either 1, 2, or 4 wk of age (Table 3 ) . Additionally, in vitro protein synthesis rates did not differ between boars and barrows ( Figure 2 ). This is consistent with the observation that no treatment differences were observed in the protein:RNA, protein:DNA, or RNA: DNA ratios presented in Table 2 . Androgens, whether in gonadally intact postpubertal males or exogenously administered, have been shown to stimulate protein synthesis. However, most of these studies with pigs have been conducted with peripubertal or postpubertal boars. Castration at 15 kg had no effect on semitendinosus muscle protein accretion rates, whereas castration at 75 kg decreased muscle protein accretion rates and in vitro protein synthesis rates compared with age-paired boars (Mulvaney, 1984) . Knudson (1986) compared carcass muscling of boars to that of barrows that were castrated either within 24 h of birth or a t 6 wk of age. The latter barrows would have been exposed to the neonatal elevation of circulating testosterone, and those castrated at birth would not. No differences in muscling were observed between the two groups of barrows, but both groups had less muscle than boars at 105 kg. These data and those of the present study indicate that neonatal elevated serum testosterone has little effect on skeletal muscle growth or rates of protein turnover. Thus, it seems that the effects of testosterone on muscle growth and protein turnover are manifested only after the onset of puberty. This conclusion is consistent with the observations of Mulvaney (1984) .
Despite no significant differences between neonatal boars and barrows in this study, major developmental changes were observed. In boars and barrows, semitendinosus weight nearly doubled (92% increase) between birth to 1 wk, did double from 1 to 2 wk (108%), and more than doubled again from 2 to 4 wk of age. Protein concentrations of the semitendinosus muscle increased from 9.7% a t birth to 15.8% at 1 wk concentrations, conversely, decreased from 10 mglg at birth to almost half that concentration at 1 wk and then decreased to approximately 3 mglg at 4 wk of age. As a result of high RNA concentrations a t birth, total RNA content of the semitendinosus muscle did not change from birth to 1 wk of age. Because protein concentrations increased and RNA concentrations decreased between birth and 4 wk postnatally, protein:RNA ratios showed a sixfold increase over these 4 wk. This is consistent with data reported by Gilbreath Concentrations of DNA also declined from birth to 4 wk of age, although to a lesser extent than RNA concentrations. Protein:DNA ratio, or the DNA unit (Cheek et al., 1971) , increased threefold from birth to 4 wk of age, with the greatest increase occurring during the 1st wk postnatally, during which time the ratio doubled. Cheek et al. (1971) have suggested that protein:DNA ratio is indicative of hypertrophy, with the larger increases in the DNA unit occurring during periods of rapid growth and high rates of fractional protein synthesis. Ratios of RNA:DNA declined approximately 45% from birth to 4 wk of age. In contrast, Devi et al. (1963) and Winick and Noble ( 1966) reported an initial increase in the RNA:DNA ratio during the first few weeks of postnatal development of the rat. Millward et al. (1975) and Powell and Aberle (1975) stated that the ratio of RNA:DNA is indicative of the capacity to synthesize protein.
These nucleic acid data are consistent with the high rates of protein synthesis that occurred early postnatally (Table 3 ). In the present study, fractional synthesis rates declined from approximately 28% per day at 1 wk of age to approximately 17% per day at 4 wk of age (Table 3) . The in vitro rates (Figure 2 ) showed a similar postnatal decline in protein synthesis. This high rate of protein synthesis immediately after birth is consistent with rates observed in other animals. Fractional synthesis rates of 22% were observed in 3-wk-old rat quadriceps muscles (Millward et al., 19751, 24% in lambs at 1 wk of age (Arnal et al., 1976) , and 25% in 2-wk-old chickens (Maruyama et al., 1978) . Similar to the dramatic postnatal decline in FSR in the present study, FAR rates were one-third lower at 4 wk than at birth. Fractional breakdown rates declined from birth to 4 wk of age but more slowly than FAR or FSR. Fractional accretion rates were halved between 2 and 4 wk, whereas FBR remained quite constant over this neonatal period.
The developmental decline in in vitro protein synthesis rates (Figure 2 ) was similar to that observed with the in vivo method. The synthesis rates a t 4 wk were half those a t 1 wk of age. Thus, the same developmental changes in protein synthesis rates were obtained by both methods and the conclusions are similar. However, the in vitro method cannot be used to predict absolute rates or to calculate net protein accretion rates that actually occur in vivo due to inherent problems with tissue viability. Inadequate diffusion of oxygen into the core of the muscle strips seems to be the major limiting factor for the in vitro system (see Bergen et al., 1987; Skjaerlund et al., 1988 for complete discussion). However, the in vitro strip system can be used to detect relative changes and responses that occur in vivo (Skjaerlund et al., 1988) , as is evident in this direct comparison of in vitro and in vivo methods on the same animals and muscle.
Implications
Castration at birth did not significantly alter neonatal muscle growth or protein turnover of barrows compared with boars. Even though postpubertal concentrations of testosterone stimulate protein synthesis and protein accretion, the high fractional protein synthesis and accretion rates characteristic of neonates may mask any effect of elevated neonatal testosterone on muscle protein turnover. Dramatic developmental changes in protein, nucleic acid concentrations, and ratios are apparent during this neonatal growth period of pigs.
